INTRODUCTION
Combined hepatocellular-cholangiocarcinoma (CHC) is a rare tumor, with variation reported from 1.0%-4.7% of all primary hepatic tumors in series of patients undergoing hepatic resection [1] [2] [3] [4] [5] [6] , although accurate incidence is not known. CHC has been known with several nomenclatures in the literature including mixed hepatocellular carcinomacholangiocarcinoma (HCC-CC), hybrid HCC-CC or combined liver and bile duct carcinoma [7] . Some of the more common risk factors for CHC mentioned in the literature are hepatitis B virus (HBV) infection, male predominance, cirrhosis and hepatitis C virus (HCV) infection [8] [9] [10] [11] [12] . Molecular evidence supports that the hepatic progenitor cell (HPC) is the cell of origin for CHC. On histology, it is divided into two main subtypes-classical type and subtypes with stem cell features (further discussed in histology section) [13] . Separate HCC and CC in the same liver does not classify as CHC. We present a review of current understanding of clinical features, histogenesis and histology of the combined hepatocellular-cholangiocarcinoma that will be soon renamed as hepato-cholangiocarcinoma.
CLINICAL FEATURES AND RISK

FACTORS
Owing to the rarity of CHC, the majority of the series describing clinical features and prognostic factors consist of retrospective studies from single institutions encompassing small patient populations with little statistical power. This is further compounded by inconsistent histologic inclusion criteria and definition of CHC across the studies, with many series including collision tumors and separate nodules of HCC and CC as CHC. Thus, it is not surprising that identification of clinical features and prognostic factors are not consistent or reproducible among the different studies. A clear profile of the patient demographic afflicted by this rare primary hepatic malignancy has remained vague and is highly dependent on geographic region.
Etiology and risk factors for these tumors may be common or differ in different regions in eastern and western series. This reflects variability in the prevalence of infectious agents such as hepatitis viruses and liver flukes, as well as the lifestyle and nutritional differences.
Multiple studies have highlighted risk factors such as male gender, cirrhosis, hepatitis infection, family history of liver cancer, heavy alcohol consumption and diabetes mellitus [4, [8] [9] [10] [11] [14] [15] [16] . The high male: Female ratio and prevalence of HBV in CHC patients in Asian countries are generally more similar to HCC compared to CC [15, 16] . On the other hand, western studies have shown a less pronounced male predominance of CHC, paralleling with relatively low prevalence of HBV (15%-16.6%) and high prevalence of HCV [1, 4, 12, 17] . Taken together, these findings suggest that geographical characteristics heavily influence clinical profiles of patients with CHC. This demonstrates that CHC is associated with overlapping clinical features of both HCC and CC. Some studies have reported that CHC has poor prognosis and more aggressive behavior in comparison to HCC and CC [18] [19] [20] , which some authors attribute to increased lymph node involvement [8] .
IMAGING CHARACTERISTICS AND PRE-
OPERATIVE DIAGNOSIS
Historically, CHC has been an elusive and difficult preoperative diagnosis. This is due to its heterogeneous imaging characteristics with overlapping features of both HCC and CC. The predominant histologic component within the tumor largely determines the predominant radiographic features. This is also true in tissue specimens, as sampling error (e.g., sampling only the area of HCC or CC within a CHC) may also lead to an erroneous pre-operative diagnosis. Thus, the majority of CHC cases in the literature were initially misdiagnosed as either HCC or CC and the proper diagnosis was only reached in the surgical resection specimens. Correct pre-operative diagnosis is important, especially distinction from HCC, as it may determine different management strategy. In the United States the vast majority of HCCs are diagnosed based on characteristic radiological features alone without pathologic confirmation. HCC in selected patients is an indication for liver transplant, with excellent outcomes equivalent to non-neoplastic entities and 5-year survival > 70% [21] . Taking into account the scarcity of grafts available for transplantation and the poor prognosis associated with CHC, differentiation from HCC becomes paramount.
The characteristic features of HCC on contrast enhanced CT and MRI are arterial phase diffuse enhancement, portal venous washout, and an enhanced pseudocapsule on delayed imaging. The hallmark radiological findings of CC are arterial peripheral rim enhancement with progressive fibrous stroma central enhancement, dilation of the biliary system, and retraction of the capsule [22] . CHC may show all of these radiographic characteristics to varying degrees, making distinction from HCC and particularly from CC very challenging. Some authors have suggested that the presence of heterogeneous or overlapping imaging features should prompt an extended tissue biopsy from different appearing tumor areas to aid in this diagnostic conundrum and mitigate sampling bias [22] . Another clue that should raise suspicion for CHC pre-operatively is discordant tumor markers. Generally, elevated alphafetoprotein (AFP) levels are associated with HCC, while elevated CA 19-9 levels are associated with CC. If a tumor shows characteristic imaging features of HCC, but is associated with elevated CA 19-9 levels, or if a tumor has characteristic CC imaging features and is associated with elevated AFP levels, or if both serum markers are elevated, biopsy for pathologic confirmation should be strongly considered.
HISTOGENESIS
The concept of cancer stem cells may explain the origin and progression of different kinds of cancers, and CHC is no exception. Although histogenesis of the CHC has been a topic of debate, three types of tumor origins have been hypothesized: (1) collision tumors; (2) de-differentiation or re-differentiation of a primary HCC into a biliary phenotype or vice versa; (3) derivation from bipotent HPC [5, 23] . The first theory, collision tumor consisting of separate populations of HCC and CC occurring in the same liver without intimate relationship, does not qualify as CHC. De-differentiation or redifferentiation of HCC or CC into the other component is controversial, as some studies have shown differences in the clinical features, histology and molecular genetics of CHC and HCC/CC while others have supported this theory owing to existing similarities between CHC and HCC as well as CHC and CC.
The bipotent HPC is a stem cell that differentiates into both hepatocytes and bile duct epithelial cells, and is suspected to be the cancer stem cell responsible for CHC growth [5, [23] [24] [25] [26] . Theise et al [23] described four primary liver cancers with three different components including hepatocellular, cholangiocellular and a third component of small or undifferentiated cells (oval-like cells) with high N/C ratio, scant basophilic cytoplasm and nuclear pleomorphism. Oval cells (described in animal models) or intermediate cells (in humans) or stem cells can be found in regenerative nodules. These cells are located in canals of Hering [23, 27] and can differentiate bidirectionally into hepatocytes and cholangiocytes, also called as bipotent progenitor cells [5, 23, 24] . There is morphological and immunohistochemical similarity between these oval-cell like progenitors and hepatoblasts (both positive for CK19 and Hep-Par1). HPC and stem cell markers which have been studied in relation to CHC include CD133, CD90, CD44, epithelial cell adhesion molecule (EpCAM), nuclear cell adhesion molecule (NCAM/CD56), OV6, CD13, c-kit, YAP1, SALL4 and Delta-like 1 homolog (DLK-1)
[5, [28] [29] [30] [31] [32] [33] . Kim et al [24] demonstrated that c-kit-positive HPCs have a potential to differentiate into both hepatocytes and cholangiocytes and are neoplastic counterparts of HPCs.
Evidence including identification of HPC-like cells merging with HCC and CC components, as well as shared expression of HPC markers in the different components, supports these cells as the origin for CHC [23, 25] . Furthermore, inoculation of cells from a CHC cell line positive for the HPC marker EpCAM has been associated with development of CHC in mice [26] . HPC activation in nontumor liver in CHC cases has been linked with recurrence and poor prognosis in CHC [34] . Microdissection has shown that both components share a single clonal background, which is consistent with the shared origin of both components deriving from HPCs [35] . The role of the HPC is reflected in the current World Health Organization (WHO) classification, which is subdivided into CHC, classical type and three subtypes of CHC with stem cell features [13] . In making this classification, the authors noted that it was uncertain whether biological differences existed between these subtypes, and determination of subtype relied mainly on histological and immunohistochemical features. HPC marker expression has been shown to varying degree in all stem cell subtypes and to a lesser degree in the classical subtype, while prominent in transitional areas of CHC [24, [29] [30] [31] . Ikeda et al [30] showed that the stem cell markers DLK-1 and NCAM/CD56 were expressed most frequently in CHC with stem cell features, and were most frequently expressed in typical and cholangiocellular subtypes. Akiba et al [29] showed that stem cell markers CD133 and EpCAM were more often expressed in CHC with stem cell features compared to those with classical features. They further showed that among CHC subtypes with stem cell features, cholangiocellular subtype more often expressed CD133 and EpCAM in comparison to intermediate subtype (their study did not include sufficient cases of typical subtype for statistical analysis) [29] . Komuta et al [36] supported origin of cholangiolocellular carcinoma from HPCs that was initially a subtype of cholangiocarcinoma. Molecular studies have shown that CHC shares some traits with HCC and others with CC, confirming its status as a distinct entity. Gene profiling of CC, HCC and CHC by microarray shows increased differential expression in CC vs HCC as compared to CC vs CHC, reflecting this concept [37] . Analysis of copy number changes in CC and HCC components of CHC showed concordance in the overall trend of gain or loss for several target genes although magnitude of copy number change differed. The copy number gains in the CC component were likely to be paired with a similar but not identical copy number gain in the HCC component of the tumor, with the same holding true for copy number losses. The specific genes most often amplified in this study were MYC, ADAMTSL4, TM4SF1 and CUL4A, which are each associated with HCC although CUL4A has also been associated with CC [38] . Similarly, comparative genomic hybridization showed specific chromosomal gains and losses similar to those of HCC [39] . This study also showed high prevalence of chromosomal imbalances similar to those seen in CC. Similarly, a high level of chromosomal instability, in addition to recurrent loss of heterozygosity at 3p and 14q is also noted [40] . Genome-wide transcriptional analysis of 20 CHC cases showed that CHC clustered with CC and separately from HCC, with upregulated signaling pathways of TGFβ and Wnt similar to those seen in CC. The TGFβ pathway upregulated in CHC recalled the key role of fibrosis and extracellular matrix remodeling in CC, and the Wnt pathway signature was similar to that seen in biliary ductal morphogenesis. However, CHC also clustered with a subset of poorly differentiated HCC with progenitor cell features, as would be expected given the postulated HPC origin of CHC, while CHC showed repression of the transcription factor HNF4A associated with mature hepatocyte differentiation [41] . Likewise it is also shown that CHCs were clustered with CC by gene expression profiling [42] . A recent whole genome sequencing analysis showed that genome-wide substitution patterns in liver cancers of biliary phenotype (both CC and CHC) overlapped with those of HCC in cases associated with chronic viral hepatitis, while biliary cancers (mostly CC in this study) unrelated to chronic hepatitis differed from HCC [43] . TERT promoter mutations, for example, were common in CHC and in other hepatitis-related cancers. Carcinogenesis arising from HBV acts largely through the HBV X protein that promotes HPC tumorigenesis so it is possible that these tumors may share a similar pathogenesis [44] .
HISTOLOGY
Classification
There are multiple classifications for CHC in the literature. Allen and Lisa [7] made the first histological classification for CHC in 1949. They described three subtypes. Type 1 consisted of discrete foci of HCC and CC. Type 2 had contiguous masses with features of both HCC and CC. Type 3 was described as a solitary mass comprising of both components. Goodman et al [45] in 1985 proposed another classification, also encompassing three subtypes: Type 1 or collision tumor with separate and colliding areas of HCC and CC in the same liver; type 2 or transitional tumor with transitional areas with intimate intermingling of two components with actual transition of HCC elements to CC elements in the same tumor; and type 3 or mucin producing fibrolamellar tumor. Allen and Lisa [7] 's type 3 and Goodman et al [45] 's type 2 has similar features to the current WHO criteria for CHC. The current edition of the WHO classification describes two main types of CHC: Classical type and CHC with stem cell features. The stem-cell features type is further divided into 3 subtypes: Typical subtype, intermediate cell subtype and cholangiolocellular subtype [13] . Representative images of each subtype highlighting histological features and immunohistochemical profile are shown in Figures 1-4 .
Histopathology
WHO 2010 classification defines these tumors as histological demonstration of unequivocally differentiated hepatocellular and biliary components in the tumor with intermingling of the two components [13] . Collision tumor, which is a separate entity, consists of HCC and CC occurring in the same liver without intimate relationship and is not categorized as CHC. The definite diagnosis of CHC can be made by histology only along with use of IHC and special stains [5] . The diagnosis of CHC is a challenging diagnosis on core biopsy as it depends on the area sampled [46] . Hepatocytic differentiation is defined by bile production, Mallory-Denk bodies, alpha-1 antitrypsin globules and trabecular arrangement of tumor cells. The cholangiocarcinoma component is appreciated by mucin production, prominent desmoplastic stroma and glandular structures. Combined fibrolamellar HCC in combination with cholangiocellular component has also been described in the literature [45, 47] . In the CHC classic type (Figure 1 ), both the hepatocytic and cholangiocarcinoma components are present and can vary from well to poorly differentiated [13] with intermediate areas demonstrating features of both the components. Hepatocytic component is usually represented by thickened trabeculae composed of polygonal cells with abundant granular eosinophilic cytoplasm and scant stroma while cholangiocarcinoma component has gland formation with low cuboidal/columnar cells and dense fibrotic stroma. HCC with pseudoglandular pattern and expression of CK7/CK19 is not classified as CHC [5] . The first subtype of CHC with stem cell features, the typical subtype (Figure 2A and B) , is characterized by peripheral small cells with hyperchromatic nuclei and a high nuclear to cytoplasmic ratio with nests of mature appearing hepatocytes in the center. The intermediate cell subtype (Figure 3A and B) consists of tumor cells with intermediate features between hepatocytes and cholangiocytes. Kim et al [24] described these tumor cells as small and oval shaped with hyperchromatic nuclei and scant cytoplasm arranged in either trabeculae, solid nests or strands, present within a desmoplastic stroma. Well-formed glands are not seen but ill-formed gland like structures may be present. These tumors were initially termed as intermediate carcinomas (hepatocyte-cholangiocyte) as these had features that were intermediate between HCC and CC [13, 24] . The cholangiolocellular subtype ( Figure 4A and B) is characterized by small cells with a high nuclear to cytoplasmic ratio and hyperchromatic oval shaped nuclei arranged in a tubular, cord like, anastomosing pattern (also referred to as an "antler-like" pattern) within a dense fibrous stroma. No significant cellular atypia or evidence of mucin production is seen in both intermediate and cholangiolocellular subtypes [13] . Although there are distinct histological features described by the WHO to classify all these types/subtypes, there is no mention of percentage of stem cell area required to categorize CHC with stem cell features. If the stem cells predominate, the tumor is classified as one of the subtype of CHC with stem cell features depending on the histologic appearance. It appears that CHCs with less than 5% stem cell area have better prognosis than those with stem cell areas greater than 5% [30] . Sasaki et al [48] proposed certain clinico-pathological findings for CHC with stem cell features. The intermediate subtype was more commonly associated with female patients, larger tumor size, higher histological grade of HCC component, and less fibrosis while cholangiocellular subtype had smaller tumor size and lower histological grade of HCC. The typical subtype has less inflammation in comparison with the cholangiocellular subtype [48] . On cytology specimens, diagnosis of CHCs can be challenging [49, 50] . Cell blocks and immunohistochemical stains can prove helpful in reaching a correct diagnosis of CHC. With CHC being an uncommon tumor, arriving at a diagnosis and classification of CHC can be difficult with histology alone.
Special and immunohistochemical stains
Immunohistochemical stains are required for demonstrating hepatic and biliary phenotypes. The hepatocellular component is positive for HepPar1, pCEA, CD10 and glypican [5] . The CC component shows expression of CK7, CK19 and mucin/mucicarmine although HCC components can also express CK7 and CK19 [5] . Mucin is essential to demonstrate the biliary component [51] . CAM 5.2 and AE1 can also be useful to differentiate between HCC and CC component; HCC will be positive for CAM5.2 while AE1 will be positive in CC component [49] . CHC with stem cell features expresses stem cell markers including c-kit, NCAM, and EpCAM. Kim et al [32] demonstrated similar expression of these stem cell markers in CHC and HCC. Oval cell-like progenitors or small cells (or HPCs) described originally by Theise et al [23] are focally positive for AFP and alpha-antitrypsin while negative for HepPar1, c-Kit, vimentin and CHR-A. CD44, which is one of the cancer stem cell markers, is associated with poor prognosis and early recurrence in patients with CHC [32] . DLK1 is another marker of HPCs in adult liver [30] . Survival of patients with high expression of DLK1 is worse [30] suggesting that patients with CHC with stem cell features do worse in comparison to classical type CHC.
CHC with stem cell features, typical subytype stains positively with CK7, CK19 ( Figure 2C and D) , NCAM1/ CD56, cKIT and/or EpCAM.
The intermediate subtype that is characterized by [52] demonstrated that intermediate cells stain better with Arginase-1 and CK8. Biliary phenotypes (CK7 and CK19) are more commonly positive in intermediate subtype than Hep-Par1 [29] . The cholangiolocellular subtype is positive for CK19, and stem cell markers-cKIT, NCAM1/CD56 and EpCAM ( Figure 4C and D) .
TREATMENT OPTIONS
Currently, minor or major hepatic resection, with or without lymph node dissection, is the consensus recommended treatment for CHC. However, the absence of randomized prospective studies precludes the determination of optimal management strategies in these patients.
The role of liver transplant in the treatment of CHC remains to be defined. Most of the data on transplanted CHC patients comes from patients that were initially misdiagnosed with HCC or from incidentally discovered tumors in the explanted livers. The outcome data of this cohort is mixed, although outcomes are consistently worse when compared with HCC due to associated higher recurrence rates after transplant in CHC [53, 54] . A recent study found no survival benefit of transplant over resection in CHC, with 3-year overall survival of 48% and 46% (P = 0.56), respectively [55] . Interestingly, a few studies have reported favorable outcomes in CHC patients undergoing transplantation. Chan et al [56] reported three cases, with two of them alive without recurrence 25 and 35 mo posttransplant. The other patient died of metastatic disease 16.5 mo after transplant. Another more recent publication found that transplanted CHC patients have better 5-year overall survival than those treated with major resection (41.1% vs 28.1%, P = 0.039) [57] . However, the 5-year overall survival rate of transplanted CHC patients was still much worse than transplanted HCC patients in both studies (41.1% vs 67%, P < 0.001 and 48% vs 78%, P = 0.01) [55, 57] . These findings were further supported by Vilchez et al [12] in their UNOS database analysis. They found an overall 5-year survival of 40% in transplanted CHC patients, which was similar to CC (47%) but much worse than HCC (62%, P = 0.002). The authors concluded that currently, liver transplant is not a viable option for these patients. It should be emphasized that these results may be influenced by the fact that majority of CHC patients are misdiagnosed pre-operatively and managed as HCC. Improved initial diagnostic accuracy may allow for optimization and more aggressive neoadjuvant therapies for CHC patients. This may in turn improve outcomes in this group and make transplant a viable option in the future. Other treatment modalities that have been reported in CHC include transarterial chemoembolization, radiofrequency ablation, and percutaneous ethanol injection, but the data regarding the benefits of these interventions are inconclusive. The role of chemotherapy and radiotherapy remains to be defined.
PROGNOSIS
Despite the ambiguity and discordance of CHC clinical features reported in the literature, the studies consistently supported that CHC is associated with a more aggressive course and a worse prognosis than HCC. With regards to CC, the studies are varied with some showing CHC to have a worse [9] or similar prognosis while others show an improved outcome. Overall most studies showed that the prognosis of CHC is grim. Reported 3-year and 5-year overall survivals range from (37.3%, 47%, 46%, 12.4%, 10.5%, 34.6%) and (9.2%, 40%, 32%, 23.1%, 33%), respectively [8] [9] [10] [11] [12] 55, 57, 58] . Adverse clinicopathologic prognostic factors associated with increased tumor recurrence and worse survival in various studies include large tumor size (> 5 cm), presence of satellite nodules, lymph node involvement, multifocality, vascular invasion, portal vein invasion, high tumor stage, high levels of CA 19-9, decreased capsule formation, free surgical resection margins < 2 cm, and GGT levels > 60 U/L [11, 58, 59] . However, many of these factors did not reach statistical significance on multivariate analysis. This may be due to the retrospective nature and low number of patients within each study due to the low incidence of CHC.
A recent population level study analyzed the SEER database for patients diagnosed with CHC between 1988-2009 in the United States. Of the 465 cases studied, they founded that a majority of CHC patients were male (66%) and Caucasian (74.9%), and a plurality were 66 years or older (44.3%) [57] . Clinical features of CHC patients fell in between those for HCC and CC, suggestive of the mixed characteristics associated with this tumor and in concordance with its bi-phenotypic differentiation. The authors found that CHC had a worse overall survival when compared to HCC, but better when compared with CC. The reported 5-year overall survival and disease specific survival for HCC, CHC, and CC were 11.7%, 10.5%, 5.7% and 21%, 17.8% and 11.9%, respectively (P < 0.001). The authors of the study concluded that CHC patients have intermediate clinical characteristics, demographics, and prognosis when compared with HCC and CC patients. Another study compared the post-resection outcomes of CHC, HCC and CC and found no significant differences in tumor recurrence rates, but did find worse survival rates when compared to HCC. However, results of this study are not representative of true CHCs as the authors used the Allen and Lisa [7] classification. The majority of patients in this study were classified as "combined type" or type 2 of the Allen and Lisa classification, which is not currently considered a true CHC according to the WHO classification [6] . The intermediate biological behavior of CHC has been further supported by other studies. Multiple series have found clinico-pathologic features in CHC that are commonly associated with either HCC or CC. These include a high rate of lymph node metastasis, commonly associated with CC, and vascular invasion and portal vein invasion, commonly associated with HCC. Reported rates of lymph node metastasis in CHC cases are as high as 42% [8] . This may be explained by the biphenotypic nature of these malignancies [9] . In summary, CHC is a rare tumor with bad prognosis and overlapping clinical and radiological features with HCC and CC. More studies are required to adequately define its histogenesis including molecular genetics of this tumor.
